Nuclear nanomedicine, with its targeting ability and heavily loading capacity, along with its enhanced retention to avoid rapid clearance as faced with molecular radiopharmaceuticals, provides unique opportunities to treat tumors and metastasis. Despite these promises, this field has seen limited activities, primarily because of a lack of suitable nanocarriers, which are safe, excretable and have favorable pharmacokinetics to efficiently deliver and retain radionuclides in a tumor. Here, we introduce biodegradable laser-synthesized Si nanoparticles having round shape, controllable low-dispersion size, and being free of any toxic impurities, as highly suitable carriers of therapeutic 188 Re radionuclide. the conjugation of the polyethylene glycol-coated Si nanoparticles with radioactive 188 Re takes merely 1 hour, compared to its half-life of 17 hours. When intravenously administered in a Wistar rat model, the conjugates demonstrate free circulation in the blood stream to reach all organs and target tumors, which is radically in contrast with that of the 188 Re salt that mostly accumulates in the thyroid gland. We also show that the nanoparticles ensure excellent retention of 188 Re in tumor, not possible with the salt, which enables one to maximize the therapeutic effect, as well as exhibit a complete time-delayed conjugate bioelimination. Finally, our tests on rat survival demonstrate excellent therapeutic effect (72% survival compared to 0% of the control group). Combined with a series of imaging and therapeutic functionalities based on unique intrinsic properties of Si nanoparticles, the proposed biodegradable complex promises a major advancement in nuclear nanomedicine.
side effects, taking into account that the efficiency of molecular targeting typically does not exceed 10-12%. In addition, the size of most targeting molecules appears to be within the renal glomerular filtration range (<7 nm) 4 , which leads to too fast accumulation of radionuclide complexes in the kidney, causing consequent interstitial nephritis or renal failure problems 5, 6 . Recently, there has been a great deal of interest in developing nuclear nanomedicine which utilizes nanoparticles (NPs) as carriers of radionuclides 7, 8 . When functionalized by biopolymers such as polyethylene glycol (PEG), NPs promise safe and controllable transport of radionuclides in the blood stream, as well as offer a passive vectoring mechanism for targeting tumors based on their selective size accumulation (enhanced permeability and retention (EPR) effect) 2 . In addition, NPs can be more heavily loaded with radionuclides to ensure an enhanced therapeutic outcome in the tumor region 7, 8 . However, some stringent requirements to make nuclear medicine safe and effective, have been challenging. The challenges to be met are: (1) NPs-based carrier should be large enough (>20-30 nm) to avoid immediate renal filtration and ensure efficient delivery of radionuclides to the intended site; (II) the NP -radiopharmaceutical conjugate should be safe and excretable from the organism to minimize toxicity and residual accumulation risks 4, 9 ; (III) the NP -conjugate should have targeting ability to effectively localize in high concentrations in the tumor; (IV) the coupling to the radioactive nuclei should be fast compared to their half life in order to maximize radiation therapy. Despite the presence of several classes of highly biocompatible nanomaterials, these challenges are very difficult to meet, as the required large size of NPs beyond the renal filtration range drastically complicates their further bioelimination 4, 10 .
In this article, we propose a pathway to meet these challenges by introducing silicon (Si) NPs (Si*NPs), synthesized by pulsed laser ablation in liquids [11] [12] [13] , as a nearly ideal carrier of radionuclides for nuclear nanomedicine. The uniqueness of such Si*NPs is based on their biodegradability, which makes possible elimination of these structures from the organism within several days, even if their initial size is large (30-80 nm) 12, 13 under absence of any toxic effects, which was earlier confirmed in a mice model 12 . In addition, in contrast to Si nanostructures prepared by conventional electrochemical 14 or chemical 15 routes, laser-synthesized Si*NPs have ideal round shape, controllable size with a small size dispersion, and are free of any toxic impurities 11 , which promises a better transport in vivo and no side effects. Here, we demonstrate the possibility for coating of laser-synthesized Si*NPs by PEG and a fast conjugation of the Si*NPs-PEG complex with the Rhenium-188 ( 188 Re) radionuclide, which is one of most promising generator-type therapeutic beta-emitters with the energy of positron emission of 1.96 MeV (16.7%) and 2.18 MeV (80%) and half-decay time of 17 hours 1 . We show that such Si*NPs-PEG-188 Re conjugates can efficiently deliver the radionuclide through the blood stream and retain it in the tumor region. We also demonstrate strong therapeutic effect under intratumoral administration of the conjugate.
Results and Discussion
Fabrication, characterization and functionalization of Si*Nps. Bare (ligand-free) Si*NPs were fabricated by femtosecond laser ablation in deionized water [11] [12] [13] , as shown schematically in Fig. 1a and described in details in the Methods section. Being composed of crystalline Si covered by a 1-2 nm thick oxide shell 13 , laser-synthesized Si*NPs have an ideal spherical shape and are relatively monodispersed, with their mean size being about 25 nm (Fig. 1b) . The Si*NPs were coated with PEG according to our newly developed protocol (see methods section), in order to minimize the immune response of the biological system. Due to high hydrophilicity, PEG is known to form a water cloud around the NPs, which protects them from the interaction with antibodies and opsonic proteins, and dramatically increases the circulation of nanomaterials in the blood streem 16 . Finally, we conjugated Si NPs-PEG complex with 188 Re ions using coordination with the carboxyl group available on the PEG surface, as described in the Methods section.
Biodistribution of Si*NPs-PEG- 188 Re conjugates under systemic administration. In our tests, biodistribution of the nanoparticle carrier-based Si*NPs-PEG- 188 Re conjugate was compared with that of freely circulating radioactive rhenium using its salt sodium perrhenate form, Na 188 ReO 4 . Five sub-groups of 4 Wistar female rats from the "signal" group, implanted with liver cholangioma RS-1, were intravenously administered with a single dose of 56.8-62.5 µg/kg of animal weight of Si*NPs-PEG- 188 Re conjugates. Similar number of animals from the "control" group were injected with water-dissolved Na 188 ReO 4 , containing radioactive rhenium atoms at the same concentration.
As shown in Fig. 2 , the maximal level of radioactivity in blood was recorded after 5 minutes of injection of both Si*NPs-PEG- 188 Re and Na 188 ReO 4 solutions which then gradually decreased. For free 188 Re (in 188 ReO 4 -), the level of radioactivity in blood was much lower (<0.5%, after 5 min; <0.2% after 1 hour, <0.1% after 24 hours, and finally not detectable after 48 hours). At the same time, the injection of free Na 188 ReO 4 was accompanied by an immediate increase of the 188 Re concentration mainly in the thyroid gland, reaching its maximum values of 17% 3 hours after the radionuclide injection. The accumulation of 188 Re in other organs was much lower (Fig. 2) , although we recorded a certain concentration of 188 Re in the stomach just after the injection (1.2% after one hour), and its smaller concentrations in lungs and kidneys (less than 0.25% and 0.3%, respectively, after five minutes). Notice that the recorded biodistribution and pharmcokinetics with much preferable accumulation of the product in thyroid gland and stomach is typical for free 188 Re and other radionuclides 1 . However, the biodistribution and pharmacokinetics were quite different for nanoparticle carrier-based Si*NPs-PEG- 188 Re conjugates. First, the maximal level of 188 Re in the blood was much higher (1.95% and 1.8% after 5 min and 1 hour, respectively) and easily detectable, even 48 hours after the injection (0.5%). In contrast to the free 188 Re case, there was no preferential accumulation of radionuclide in any particular organ or tissue. Here, we also recorded certain radionuclide signal in the thyroid gland and stomach (5.5% and 0.65% after 5 min, with a further rapid decrease), but we attributed this signal to washing out of some 188 Re atoms from the Si*NPs-PEG- 188 Re complexes due to possible non-optimized protocol of their conjugation. Surprisingly, the accumulation of radionuclide in liver and spleen was very weak (less than 2.5% and 0.3% after 5 minutes and then rapidly decreased down to 0.5-0.7% and 0.05% after 24 hours, respectively). The absence of any significant accumulation of Si*NPs-PEG- 188 Re conjugates in organs of reticuloendothelial system (liver, spleen) can only be explained by their invisibility to the immune system, which was obviously due to the PEG-based coating of Si*NPs. As follows from Fig. 2 , such a coating led to prolonged circulation of Si*NPs-PEG- 188 Re conjugates in the blood stream and their efficient delivery to most organs. It is also important that the concentration of 188 Re gradually increased in the kidneys, reaching its maximal value 24 hours after the injection (almost 3%), which is consistent with gradual dissolution of nanoformulations and their time-delayed elimination via renal clearance 12, 13 . For comparison, in the case of free rhenium (injection of Na 188 ReO 4 solutions) its concentration in the kidney was maximal just after the injection (5 min), which can lead to undesirable kidneys damage.
Biodistribution of Si*NPs-PEG-
188 Re conjugates under intratumoral administration. Three sub-groups of 4 Wistar rats with implanted cholangioma RS-1 from the "signal" group were intratumorally administered with a single dose of 56.8-62.5 µg/kg of nanoparticle carrier-based Si*NPs-PEG-188 Re complexes, while the same number of animals from the "control" group were intratumorally administered Na 188 ReO 4 solutions having a similar concentration of 188 Re atoms. Different sub-groups of animals from the "signal" and the "control" groups were sacrificed 5 minutes, 3 hours and 24 hours after the injection and examined for 188 Re distribution in different organs. As shown in Fig. 3 , in the case of free 188 Re atoms, we recorded a drastic (4-fold) decrease of 188 Re concentration in the tumor during the first 3 hours (from 25% to 6%), while after 24 hours, it was not detectable in this area, suggesting a fast washing out of the radionuclide. At the same time, we recorded a fast increase of 188 Re concentration in blood (3.75% after 5 min),with a further slow decrease down to 2.75% after 3 hours and 0.05% after 24 hours. After 3 hours, 188 Re mostly migrated into the thyroid gland (14%) that looks Re were also recorded in lungs, kidneys and liver (2.75%, 2.5% and 1% after 3 hours, respectively), while its concentration in the stomach was much lower compared with intravenous injection (0.4% after 3 hours). In general, our data on intratumoral injection of free 188 Re showed immediate washing out of the radionuclide from the tumor area and its further accumulation preferably in the thyroid gland. As shown in Fig. 3 , nanoparticle carrier-based Si*NPs-PEG-188 Re conjugate demonstrated a radically different biodistribution and pharmacokinetics. Here, we did not observe any decrease of the 188 Re concentration in the tumor during the first 3 hours (its value was always higher than 30%) and the concentration of the radionuclide in this area was very high (>15%) even after 24 hours. Thus, due to the employment of Si*NPs-based carrier, we had very good retention of 188 Re over its half-decay time, enabling maximal therapeutic effect. On the other hand, the migration of 188 Re to other organs was very weak, although we recorded certain accumulation of the radionuclude in the thyroid gland (less than 2.8%), blood (less than 0.3%), lungs (less than 0.2%), liver (less than 0.6%), stomach (less than 0.15%) and spleen (less than 0.1%). We believe that a relatively strong signal in the thyroid gland could arise from washing out of some 188 Re atoms from Si*NPs-PEG- 188 Re conjugates, similarly to what happened after intravenous injection, while the increase of 188 Re concentration in other organs can be due to the interjection of certain number of Si*NPs-PEG- 188 Re conjugates from the tumor to the blood stream. Of particular attention, we can mention a gradual increase of 188 Re concentration in the kidneys, with a maximal value of 3% reached 24 hours after the injection, which contrasts the data for free rhenium atoms. To summarize, our tests established a very good retention of 188 Re in the tumor, which shows promise for successful use of Si*NPs as carriers of radionuclides.
Therapeutic efficiency using Si*NPs-188 Re conjugates. The therapeutic efficiency of Si*NPs-188 Re conjugates was assessed by using Wistar rats with cholangioma RS-1 implanted in the right femoral muscle. We used 30 rats divided into three sub-groups of 10 animals: the 1 st and 2 nd "signal" groups were intratumorally administered with a single dose of 37 and 74 MBq of NPs carrier-based Si*NPs-PEG- 188 Re conjugates, respectively, while the 3 rd "control" group were intratumorally injected by 0.1 mL of physiological solutions. Figure 4 shows results of survival tests for these 3 groups. One can see that after 20 days, only 40% of rats from the control group survived, while the survival rate for the 1 st and 2 nd "signal" groups was 100%. After 30 days, all animals from the control group were dead, while the survival rate for the 1 st and 2 nd groups was 50% and 72%, respectively. Thus, our experiments clearly demonstrate a remarkable therapeutic effect under intratumoral injection of the Si*NPs-PEG- 188 Re conjugates. It should be noted that the accomplished injection protocol was not optimized to maximize the therapeutic effect. We believe that the efficiency of the treatment can still be improved, e.g., by using 2 and more injections and further optimization of dose radioactivity.
Biodegradation, bioelimination and safety of conjugates. As shown in Fig. 2 , intravenous administration with the Si*NPs-PEG- 188 Re conjugates leads to at least a 10-fold higher concentration of 188 Re in the kidneys compared to the case of free 188 Re atoms (injection of Na 188 ReO 4 solutions). This unambiguously indicates that the radionuclide comes to the kidneys in the conjugated state. The pharmacokinetics of 188 Re is also completely different in the case of the Si*NPs-PEG- 188 Re conjugates, as the radionuclide comes not immediately, but after some delay (24 hours).
It should be noted that by themselves, the Si*NPs prepared by laser ablation present a highly safe product for biomedical use, as follows from the results of our recent tests in a mouse model 12, 17 . Here, we considered the worst "stress" scenario, when the NPs are bare (non-PEGylated) and should be immediately sequestrated by the reticuloendothelial system. Indeed, after systemic administration, almost 100% of Si*NPs immediately accumulated in the liver and the spleen, but in contrast to silica (SiO 2 ) and many other nanomaterials whose accumulation in the liver causes a series of damaging effects (hyperplasia of Kupffer cells, hepatic inflammation, oxidative stress etc. 18 ), we observed only minor inflammation effects which completely disappeared 48 h after the injection, as evidenced by a histopathological investigation of tissues 12 . At the same time, we recorded stability of blood parameters (aminotrasferases, alkaline phosphatase, bilirubin, cholesterol, etc.) 17 and absence of any liver or kidney toxicity, as was confirmed by ALAT, ASAT and the serum creatinine levels, and negligible changes of oxidative stress parameters including catalase, SOD, GPx activities, Vit A and E72 12 . Furthermore, Si*NPs started to decompose into orthosilicic acid Si(OH) 4 soon after the administration and then migrated to kidneys where the decomposition process continued to reduce the NPs size down to a renal glomerular filtration range (<7 nm), rendering possible their excretion with the urine. The complete bioelimination process took 5-7 days, as was controlled by monitoring the Si content in the urine 12 . In the presented study, Si*NPs were additionally PEGylated, which prolonged the circulation time in the organism and radically changed biodistribution, giving access to most organs. Nevertheless, the Si*NPs-PEG- 188 Re conjugates similarly migrated to kidneys where they were supposed to decompose and finally excrete via renal filtration. It is important that such filtration starts only after some delay (typically, after 24 hours), which should minimize damaging effects in the kidney as the radioactivity of 188 Re is already much lower after the half-decay time.
To summarize, we established the merits of the Si*NPs as safe and effective carriers of 188 Re radionuclide for nuclear therapy. Our study has revealed a quite different biodistribution and pharmacokinetics of the Si*NPs-PEG- 188 Re conjugates compared to the free 188 Re atoms (water-dissolved sodium perrhenate Na 188 ReO 4 ) in a Wistar rat model. Our tests on intravenous administration showed that the NPs-based carrier conjugate can freely circulate in the blood stream and target tumors, while the free 188 Re atoms mostly accumulate in the thyroid gland. In addition, intratumoral administration tests evidenced very good retention of the radionuclide in the tumor for more than 24 hours, while the free 188 Re rapidly washed out form the tumor under similar conditions. Under both administrations, we recorded at least a 24-hour delayed delivery of 188 Re to kidney for the Si*NPs-PEG- 188 Re conjugates, which is consistent with gradual decomposition of these complexes; it promises much reduced side effects in the kidneys. Finally, our tests evidenced a considerable increase of the rat survival rate for the groups of animals intratumorally administered with the Si*NPs-PEG-188 Re conjugates; the radioactive doses of the Si*NPs-PEG- 188 Re conjugates compared to the control group were: (i) 100% for both groups compared to 40% after 20 days; (ii) 50% and 72% compared to 0% after 30 days.
We believe that the Si*NPs-based transport vehicle complex can be considered as a general biodegradable platform for targeted delivery of radionuclides for nuclear therapy. We demonstrated its successful conjugation with 188 Re, which is one of the very efficient beta-emitters that can be synthesized in portable 188 Y) radionuclides can equally be conjugated with biodegradable Si*NPs carriers to maximize the efficacy of imaging or therapy. It is also important that crystalline nano-Si is a IV group semiconductorwhose intrinsic properties make possible a series of unique imaging and therapy functionalities, including room temperature photoluminescence for bioimaging [20] [21] [22] , light-induced generation of singlet oxygen for photodynamic therapy of cancer 23 , and infrared 24 , radio frequency 17 , and ultrasound-induced 25 cancer hyperthermia. In fact, the choice of Si*NPs as radionuclide carrier means that all these imaging and therapy modalities can be utilized in parallel with the main nuclear medicine modality to produce image guided therapy, and thus maximize the final therapeutic outcome. One of the most promising tandem therapeutic approaches, we see, is radio frequency-induced hyperthermia using Si*NPs as sensitizers of local heating 17 which can be used even for the treatment of deep tissues due to good transparency of the body to the RF radiation. As another additional functionality, one can imagine the use of fluorescence properties of Si*NPs to track the localization of therapeutic agents in the tumor, although this modality is limited by superficial tissues due to low transmission of light even in the spectral range of relative tissue transparency (750-900 nm).
Methods
Synthesis and characterization of Si*Nps. Si*NPs were prepared by ultra-short (fs) laser fragmentation in water ambience, as described in our recent publications 11, 13 . Briefly, a powder of 0.5 µm Si microparticles, preliminarily prepared by mechanical milling of a Si wafer, was introduced into a glass cuvette at 0.35 g/L and dispersed in deionized water by a sonication bath step for 30 minutes. The dispersed Si microparticles were then fragmented under laser irradiation for one hour using a Yb:KGW (fs) laser (Avesta Inc., Russia, 1030 nm, 270 fs, 1-30 kHz). The laser beam was focused at 1 cm below the water level, while the solution was continually homogenized by a magnetic stirrer. In addition, the initial concentration was varied in the range 0.15 g/L to 0.5 g/L in order to control the mean size of the NPs according to the protocol proposed in ref.
11
. To determine the size characteristics of nanoparticles, a high-resolution transmission electron microscopy (HR-TEM) system (JEOL JEM 3010) was employed in the imaging and diffraction modes. A droplet of solution containing laser-synthesized nanoparticles was deposited onto the surface of a carbon-coated TEM copper grid, dried and finally examined by the TEM system.
Chemical modification and functionalization of Si*Nps. Materials. Silane-PEG-COOH (average Mw 5000) were purchased from Biochempeg Scientific Inc. Ethanol and 30% ammonium hydroxide were obtained from Sigma-Aldrich. MilliQ-grade water was used in the preparation of buffers and aqueous solutions.
PEG-based coating of Si*NPs. The functionalization of laser-synthesized Si*NPs with polyethylene glycol was performed as follows. The Si*NPs were dispersed in 10 mL of 96% ethanol to a final concentration of 2 g/L. Then, 200 mg of the silane-PEG-COOH solution in 20 mL of ethanol was added to the NPs under continuous stirring at room temperature. Since only dense coating of the NPs by PEG is able to provide stealth properties, we used a large molar excess of the silane-PEG chains in this reaction. The resulting mixture was ultra-sonicated for 1 min, and 1 mL of 3% ammonium hydroxide was quickly drop added into the mixture under vigorous stirring to catalyze the hydrolysis and condensation of the silane groups on the surface of the Si*NPs. Then we tested if the pH of the mixture had reached 9-10, and heated this solution for 2.5 h at 70 °C. To prevent further hydrolysis and self-aggregation of unreacted silanes, the mixture was cooled down to the room temperature and the NPs were washed by centrifugation (15 min, 5000 g), firstly with pure ethanol and further with water 3 times. After washing, the product was redispersed in 20 mL of PBS (pH 7.4). The obtained NPs suspension did not contain any aggregates and had long-term colloidal stability at physiological conditions, as was confirmed by Dynamic Light Scattering (Zetasizer Nano ZS, Malvern Instruments, UK). Also, we observed a strong negative zeta-potential after coupling of the PEG-COOH chains with the silicon surface. 
